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Abstract
We consider the explanation of both data of the atmospheric neutrino and the solar
neutrino based on the neutrino mass matrix derived from the mixing of neutrinos and
gauginos in the extended MSSM with an extra U(1) gauge symmetry. This scenario
directly relates the neutrino mass to supersymmetry. In this mass matrix the structure
of the mass hierarchy and the mixing is determined only by the extra U(1)-charge of
neutrinos. Although this model is rather simple, it may be able to realize both the
small and large mixing angle solutions for the solar neutrino problem. In particular, the
large mixing angle MSW solution for the solar neutrino problem can be easily realized.




The atmospheric and solar neutrino observations have strongly indicated the existence
of the neutrino oscillation and then the non-zero neutrino mass [1, 2, 3]. This is an only
known evidence suggesting that there is new physics beyond the standard model (SM).
Theoretically, the SM has been claimed that there are some unsatisfactory features. Such a
representative problem is a gauge hierarchy problem. Supersymmetry has been considered
to be a promising candidate to solve it and its various phenomenological features have
been studied almost for twenty years [4]. However, still now there seems not to be the
experimental support for it, except for the gauge coupling unication [5]. If we can nd
that there are some relations between the supersymmetry and the neutrino mass, it seems
to be very interesting and may also give a big impact for the study of the new physics.
In general the supersymmetric model has a special symmetry called R-parity dened
by Rp = (−1)3B+L+2S, where B is the baryon number, L is the lepton number and S
is the spin. The ordinary particles in the SM are Rp-even and their superpartners are
Rp-odd. As far as the R-parity is conserved, neutrinos cannot mix with neutralinos.
However, the superpotential can include an R-parity violating term like αLαH2 [6, 7],
for example, as a result of the gravitational eect. Under the existence of this bi-linear
R-parity violating term, the vacuum expectation values (VEVs) of sneutrinos and the
mixing among neutrinos and neutralinos appear through it. The generation of Majorana
neutrino mass in the minimal supersymmetric SM (MSSM) through this mixing has been
discussed in a lot of works [8, 6, 7]. In most of them only one of three neutrinos can be
massive at the tree level [9] and then they can be applied only to the atmospheric neutrino
problem [10]. It is necessary to go beyond improving this feature in order to explain all
of the recent neutrino oscillation data1. One of the suggestions to make other neutrinos
massive is to introduce the one-loop eect [12, 13]. In such a framework the solar and
atmospheric neutrino problems have been also discussed [13].
In this paper we would like to propose the generation of the small neutrino mass at
the tree level based on a typical interaction among neutrinos and gauginos in the usual
supersymmetric model. The model is very simple and economical. It needs only the small
extension of the MSSM by an extra U(1) gauge symmetry. The neutrino mass matrix
1In this paper we conne our study into the explanation of the atmospheric and solar neutrino data.
It might be straightforward to extend the model to include a sterile neutrino and make it applicable to
the LSND data [11].
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produced in this way has noticeable features for the explanation of both the atmospheric
and solar neutrino data. It might realize the large mixing angle solution [14] for them in
a natural way if we can assume the spontaneous lepton number violation due to the small
VEVs of sneutrinos.
In the MSSM there are two neutral gauginos λW3 and λY which are the superpartners
of the SU(2)L and U(1)Y gauge elds. Their interaction with the ordinary left-handed
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If the spontaneous R-parity violation occurs due to the VEVs of sneutrinos h~ναi 6= 0, the
mixing among gauginos and neutrinos appears. On the other hand, the supersymmetry
breaking induces the gaugino masses M2 and M1 for λW3 and λY through a suitable
mechanism. In the case of M1,2  g1,2h~ναi, a kind of seesaw mechanism works and we
can expect to obtain the small Majorana masses of neutrinos. In fact, if we assume
h~νei = h~νµi = h~ντ i = u, the mass mixing among neutrinos and gauginos can be expressed




































where N T = (να,−iλW3 , iλY ). We consider a special case in which every VEV of sneutri-
nos is equal in order to reduce the number of parameters and simplify the mass matrix of
the model. We also neglect the eect of the mixing among gauginos and Higgsinos ~H01,2 in
the derivation of this mass matrix. This means that we are considering the limit such as
g1,2hH1,2i M1,2 and/or µ, where µ is a mixing parameter of the Higgs chiral superelds
in the MSSM. We will come back to these assumptions later. Under the assumption of
M1,2  g1,2u we can easily diagonalize the mass matrixM. Although there are three light
mass eigenvalues, two of them are zero2. We must extend the MSSM to apply this type
2Even if we do not put the VEVs of sneutrinos equal and the mixings among gauginos and Higgsinos
are taken into account, the situation is the same. In order to improve it the one-loop eect has been
taken into account in ref. [7, 13].
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of mass generation of neutrinos to the explanation of the atmospheric and solar neutrino
data. We consider the model which can naturally change this aspect at the tree level.
Let us consider the introduction of an extra U(1)X-symmetry with the spontaneous
breaking above the weak scale and assume that the MSSM contents have its charge3. The
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as eq. (1). In this model we must introduce a new SM singlet fermion whose superpartner
scalar eld causes the spontaneous breaking of U(1)X . This fermion also mixes with the
U(1)X gaugino. For a while we also neglect this mixing and we will come back to this
ponit later. We do not consider the kinetic term mixing between the U(1) gauginos [15].
If we take this eect into account, there appear the o-diagonal elements in the gaugino
mass matrix.
Here we note that we can assign the dierent charge qα of U(1)X to the elds belonging
to the dierent generation without generating any phenomenologically serious problem4.
We assume that ν
III
has a dierent charge q
III
from others whose charge is qI = qII . At
this stage we cannot determine to which flavor each να corresponds so that we used the




































u. We can obtain the light neutrino mass
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3The introduction of U(1)X to the MSSM generally needs the addtional chiral superelds to cancel
the gauge anomaly. We do not go into this problem further here.
4This kind of charge assignment of U(1)X has been discussed in the dierent scenario to explain the
small neutrino mass and the proton stability, for example, in [16].
5In the phenomenological point of view the result obtained in this paper based on this mass matrix
is independent of the mass generation mechanism. It is useful to note that if we can nd any models
giving this kind of neutrino mass matrix with the features presented here, the result can be also applied
to them.
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(α, β) (i, j) −4UαiUβiUαjUβj( A)
(I, II) (1, 2) cos2 θ (A)
(1, 3) sin2 θ (B)
(2, 3) − sin2 θ cos2 θ (C)
(I, III) (2, 3) 2 sin2 θ cos2 θ (D)
(II, III) (2, 3) 2 sin2 θ cos2 θ (E)
Table 1. The contributions to each neutrino transition process να ! νβ from each sector (i, j) of the
mass eigenstates.
























The interesting aspect of this mass matrix is that it is dened only by the gaugino mass
MA (A = `, X), the gauge couplings gA, the U(1)X-charges qα and the VEV u of sneutri-
nos.


























(m0 + 22 − δ2)2 + 8(m0 + δ)2 . (7)
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}
. (8)
If the charged lepton mass matrix is diagonal, the above mixing matrix U is just the
flavor mixing matrix which controls the neutrino oscillation. In the following discussion
we assume it in the charged lepton sector. There is no CP violation in the lepton sector
under this assumption.
5
It is well-known that the transition probability due to the neutrino oscillation να ! νβ
after the flight length L is written by using the matrix elements of (6) as











where m2ij = jm2i − m2j j. In Table 1 we summalize the contribution to each neutrino
transition mode (α, β) from each sector (i, j) of the mass eigenstates in this model. As a
phenomenologically interesting case, we consider the situation that the mass eigenstates
~ν2 and ~ν3 are almost degenerate and the mass hierarchy m1  m2 ’ m3 is satised6. If we
apply it to explain the atmospheric and solar neutrino data, the squared mass dierence
should be taken as
2 10−3 eV2 < m212 ’ m213 < 6 10−3 eV2, (10)




 1.5 10−4 eV2. (11)
The suitable value of m223 should be chosen depending on which solution is adopted for
the solar neutrino problem. We can easily nd the simultaneous explanation of both decit
of the atmospheric neutrino and the solar neutrino if we identify the weak eigenstates




















The atmospheric neutrino is explained by νµ ! ντ through the combination of (A) and
(B) in Table 1. Here we should note that m1 = 0 and m
2
12 ’ m213 is satised. This
explanation is independent of the value of sin θ. On the other hand, the solar neutrino
is expected to be explained by νe ! νµ through (D) and also νe ! ντ through (E).
In both processes the amplitude A is 1
2
sin2 2θ. If sin2 2θ  10−2, it could realize the
MSW small mixing angle solution (SMA) [18]. If sin2 2θ  1, it could realize the MSW
large mixing angle solution (LMA), the low mass MSW solution (LOW) and the vacuum
oscillation solution (VO) [18] depending on the value of m223. The CHOOZ experiment
6This is the well-known reversed hierarchy scenario to the atmosphetic and solar neutrino problems
[17]. However, the absolute value of each mass eigenvalue is smaller than the usual scenario because of
m1 = 0. Every neutrino cannot be a hot dark matter candidate.
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Fig. 1 The transition probability P (νµ ! νx( 6=µ)) as a function of the flight length L. We assume
E =1 GeV, m213 = 3.5 10−3 eV2 and m223 = 10−4 eV2
[19] constrains a component Ue1 of the MNS mixing matrix in this scenario since the
amplitude A of the contribution to νe ! νx with m212 or m213 always contains it. This
model is free from this contraint since Ue1 = 0.
In Table. 1 an only remaining contribution (C) to νµ ! ντ cannot imply any evidence
in the short baseline experiment even in the case of sin2 2θ ’ 1 since m223 is too small.
However, this mode might aect the long baseline experiment in the case of m223 
10−4 eV2 which is the case for the LMA solution of the solar neutrino decit. We show
the eect of the mode (C) on the P (νµ ! νx) in Fig. 1. The dashed line comes from
the modes (A) and (B). This corresponds to the ordinary two flavor oscillation. The
thick solid line is the one which is obtained by taking account of the contribution of
(C). Fn the thin solid line the contribution of (D) which corresponds to νx = νe is also
taken into account. This shows that it might be possible to discriminate this model from
others in the long baseline experiment such as L > 2000 km. Moreover, this model may
be expected to have another experimental signature in the neutrinoless double β-decay
[20]. Using eq. (12), the mass parameter which enters the rate of the neutrinoless double













Thus jmeej takes the value in the range of 0.04 - 0.08 eV which is independent of the value
of sin θ, that is, the solution of the solar neutrino problem. This value seems to be within
the reach in the near future experiment.
In order to see whether these values of the oscillation parameters can be successfully
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realized in this model, we need to study them by using the parameters MA, gA, qα and
u of the model. In the usual soft supersymmetry breaking scenario the gaugino mass is
universally produced as M0 at the unication scale. Its low energy value is determined by
the renormalization group equations (RGEs). If we use the one-loop RGEs, the gaugino










where we assume the gauge coupling unication at the scale MU and dene a value of the
gauge coupling at MU as gU . It is not unnatural to consider the gauge coupling of U(1)X
and its gaugino mass to be the same as the ones of U(1)Y
7. If we adopt this simplied
possibility, we can nd that m2,3 and sin













































This shows that the structure of the mass spectrum and the flavor mixing is controled by
the U(1)X-charge. The gaugino mass M0 and the VEV u of sneutrinos are relevant to the
mass eigenvalues only in the form of an overall factor
g2U
M0
u2. In order to realize the value of
(10) which is required by the atmospheric neutrino decit,
g2U
M0
u2 needs to be in the range
of 0.017 eV <
g2U
M0
u2 < 0.023 eV
8. If we take M0  100 GeV and gU 0.72, for example, it
shows that the sneutrino VEV should be u  60 - 70 keV. The remaining freedom which
we can use to explain the solar neutrino decit is the U(1)X -charge of neutrinos. In Fig.
2 we plot the value of the U(1)X-charge and the corresponding oscillation parameters
which are suitable for the explanation of the solar neutrino decit. This gure shows that
the reasonable value of the U(1)X-charge can realize all the well-known solutions for the
solar neutrino problems. However, as is easily seen from eq. (15), m223 is propotional to
the part of square root in the expression of m2,3. This means that the solution with the
smaller m223 requires the nely tuned U(1)X-charge
9. As a result, the SMA, the LOW
7This might be satised if U(1)X is unied into a simple group with other SM gauge group like the
SO(10) and E6 models. The charge normalization of U(1)X is taken in the same way as the hypercharge.
8In this estimation we have already taken account of the eect coming from the U(1)X -charge depen-
dence. However, its eect is not large and only a factor of O(1).









































Fig. 2 (a) Scatter plots of the U(1)X -charge of neutrinos which can give the solution to the atmospheric
and solar neutrino problems. (b) Oscillation parameters for the solar neutrino which are realized by the
U(1)X -charge of neutrinos shown in (a).
and the VO seem to require the ner tuning of the U(1)X-charge than the LMA. It might
be favorable for this model if we take seriously the recent Super-Kamiokande analysis of
the solar neutrino [3]. Anyway it is interesting that every solution is obtainable within
this simplied framework.
Now we comment on some remaining important points. In the above analysis we





~S is the SM singlet and the VEV hSi of its scalar partner breaks the U(1)X-symmetry.
If these mixings have the substantial influence on the gaugino mass matrix M in (3), the
above analysis should be changed. In order to guarantee the validity of the present result,
the condition µ, MA  gAhH1,2i, gX hSi should be satised. In particular, if hSi  hH1,2i,
the mass mixing between the ordinary Z0 and the extra Z 0, in general, becomes too large
and such a model is ruled out by the electroweak precise measurement [21]. This requires
hSi  hH1,2i which might be a severe constraint on the model10. From the view point of
the radiative symmetry breaking scenario and the naturalness, MA and µ cannot be so
large as compared to the weak scale. Thus the validity of this condition seems to be very
10We should also note that there is a special case which allows us to escape this diculty even if
hSi  hH1,2i [21].
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crucial to the applicability of the present analysis. The detailed study in the case o the
limit such as µ, MA  gAhH1,2i, gX hSi seems to be very important. We will investigate
this point elsewhere.
Another important point is the origin of the small VEV u of sneutrinos. As mentioned
in the previous part, it should be around O(102) keV which is much smaller than the weak
scale. In the MSSM there are arguments on the lepton number violation due to the VEVs
of sneutrinos around the weak scale [22] and also some works point out that the neutrino
mass produced by them can be suciently small [13, 7]. However, in our scenario we
need much smaller VEVs of sneutrinos than the weak scale. As one of the possibility, we
might consider that such small VEVs of sneutrinos could be obtained if there is bi-linear
R-parity violating terms LαH2 with the suciently small 
11. We can nd this briefly
through the minimization of the scalar potential assuming that hH1,2i can be treated as
constants. In this case the value of u derived from the potential minimization condition
can be approximately written as
u  6(µhH1i+ BhH2i)
3(g21 + g
2
2)(hH1i2 − hH2i2) + 2g2X(
∑
α qα)(q1hH1i2 + q2hH2i2) + 6m2
, (17)
where B is a soft supersymmetry breaking parameter related to the LαH2 terms and
m2 is the soft scalar mass of sneutrinos, which is assumed to be universal. From this we
nd that the suciently small u can be obtained as far as  is small enough and µ, B and
m2 take the values around the weak scale. However, the LαH2 terms generate the να- ~H
0
2





might be required to be suciently larger than 
µ
. We need to check whether these
conditions are satised at the true vacuum with the equal VEVs of sneutrinos taking
account of the radiative correction. Including the study of other possibility to realize the
small u, we would like to leave it in the future publication instead of going further into it
here.
In summary we have proposed the scenario for the neutrino mass and mixing based
on the mixing among neutrinos and gauginos in the supersymmetric model with an extra
U(1)X -symmetry. In this model we could obtain the non-zero mass eigenvalues for neutri-
nos at the tree level. The atmospheric and solar neutrino decits can be simultaneously
11We assume i = . The smallness of  also causes a new hierarchy problem. To resolve this problem
we might be able to use the similar mechanism to the solutions for the µ problem [23], although the
relevant energy scale needs to be scaled down by some orders of magnitude.
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explained based on the reversed mass hierarchy scenario. In particular, every known so-
lution for the solar neutrino problem can be realized only by tuning the U(1)X-charge
of neutrinos. It is interesting that the large mixing angle MSW solution can be most
easily realized as compared to other solutions. The neutrinoless double β-decay might be
accessible if the experimental bound is improved to the level of jmeej  0.04 - 0.08 eV.
There remain some unsolved problems related to the VEVs of sneutrinos and the super-
symmetry breaking parameters. They seem to be worthy of further investigation to see
whether this model works well in a realistic way. Finally we would like to stress that
the present scenario might be scaled up into the high energy region keeping the features
of the mass matrix. In that case it may be regarded as the usual seesaw model with a
special Dirac mass matrix. Various conditions on the U(1)X-charge etc. in the present
scenario could be replaced into the ones for Yukawa couplings and so on. The study in
this direction also seems to be interesting.
I would like to thank M. Tanimoto for useful comments related to the CHOOZ constraint.
This work is supported in part by the Grant-in-Aid for Scientic Research from the
Ministry of Education, Science and Culture (No.11640267).
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